The inherent spatial heterogeneity and complexity of antibioticresistant bacteria and antibiotic resistance (AR) genes in manureaffected soils makes it difficult to sort out resistance that can be attributed to human antibiotic use from resistance that occurs naturally in the soil. This study characterizes native Nebraska prairie soils that have not been affected by human or food-animal waste products to provide data on background levels of resistance in southeastern Nebraskan soils. Soil samples were collected from 20 sites enumerated on tetracycline and cefotaxime media; screened for tetracycline-, sulfonamide-, b-lactamase-, and macrolide-resistance genes; and characterized for soil physical and chemical parameters. All prairies contained tetracyclineand cefotaxime-resistant bacteria, and 48% of isolates collected were resistant to two or more antibiotics. Most (98%) of the soil samples and all 20 prairies had at least one tetracycline gene. Most frequently detected were tet(D), tet(A) tet(O), tet(L), and tet(B). Sulfonamide genes, which are considered a marker of human or animal activity, were detected in 91% of the samples, despite the lack of human inputs at these sites. No correlations were found between either phenotypic or genotypic resistance and soil physical or chemical parameters. Heterogeneity was observed in AR within and between prairies. Therefore, multiple samples are necessary to overcome heterogeneity and to accurately assess AR. Conclusions regarding AR depend on the gene target measured. To determine the impacts of food-animal antibiotic use on resistance, it is essential that background and/or baseline levels be considered, and where appropriate subtracted out, when evaluating AR in agroecosystems.
• Native Nebraska prairie soils have measurable amounts of antibiotic resistance.
• Phenotypic and genotypic measures of resistance vary within and between sites.
• Ungrazed prairie soils can provide background data on resistance in Nebraskan soils.
• Assessments of resistance on farms should include the collection of background data.
• Background resistance should be considered when measuring impact of management.
With over 49,000 farms and ranches covering 92% of the state's total land area, Nebraska is one of the nation's top agricultural states. Over 5 million cattle are fed and marketed each year on 4570 cattle feeding operations statewide (USDA National Statistics Service, 2012) . Because of the large footprint of animal agriculture in the state, Nebraska is an appropriate place to investigate agriculturally affected AR in soils. Although the majority of the Nebraska land area is involved in agriculture, there is also a network of native prairie sites being preserved by groups such as The Wachiska Audubon Society and the Nebraska Games and Parks Commission in conjunction with private landowners. The native prairie sites have similar soil types to the surrounding agricultural land and have been exposed to similar macroecologic conditions (i.e., temperature, precipitation). As such, they can provide useful information on naturally occurring resistance in southeastern Nebraska, including estimates of resistance in the absence of agricultural inputs and estimates of how the measured parameters are distributed within and between locations.
There is broad agreement in both scientific and policy communities that AR in agroecosystems needs to be reduced. However, in the absence of data on the levels and types of resistance that occur in minimally affected settings, it is difficult to set realistic targets for reduction. Additionally, even when a specific drug type, bacteria, or gene is identified as a means to measure resistance, little data are available to determine the variability for the chosen parameter within a sample, site, or region.
The goal of this study was to characterize selected phenotypic and genotypic AR traits in native southeastern Nebraskan prairie soils. To minimize potential sources of variation, sites were selected based on geographic proximity, and all sample collections were performed within the same week. Our working hypothesis was that the background levels of resistance for each of the measured parameters would be similar within and between the tested prairies.
Materials and Methods

Prairie Sites
Potential prairie sites were identified in collaboration with the University of Nebraska School of Natural Resources, The Wachiska Audubon Society, and the Nebraska Games and Parks Commission. Land owners were contacted individually to obtain information on land status and history, to verbally confirm that the land had not been purposefully or accidentally grazed in the last 20 yr, and to obtain permission to collect samples. Twenty sites in five counties were chosen for the study (Table 1 ; Supplemental Fig. S1 ). The counties that were sampled are located in the part of Nebraska that was originally categorized as upland tall grass prairie.
Soil Sampling
Soil sampling was conducted in July 2012. Within each prairie, five spatially separated sites were chosen for sampling. Each sample consisted of six 30-cm-deep cores obtained using a step-on soil probe (19.2 mm i.d.). Due to exceptionally dry or rocky conditions, samples from Prairies 3, 7, and 19 consisted of a total of 12 cores 15 cm deep, and Prairies 1 and 2 were a mix of full and half cores. For each site, all cores were placed in a whirl-pac bag and returned to the laboratory in a cooler with ice within 4 h of collection. At the laboratory, whirl-pack bags were removed from the cooler and homogenized by hand before removing aliquots for bacterial plating (resulting in bacterial isolates), soil physical and chemical analysis, and DNA isolation of bulk soil extracts (described below). 
Soil Physical and Chemical Analysis
Moisture content was determined for 5 g of soil by mass loss on drying at 105°C for 24 h. Additional physical and chemical parameters, including organic matter, potassium, sulfate, zinc, iron, manganese, copper, calcium, magnesium, sodium, nitrate, ammonium, Mehlich P, and excess lime, were measured by Ward Laboratories. Soil samples for these analyses were shipped on ice and analyzed within 48 h of collection.
Bacterial Culture and Characterization
After homogenization of the soil samples, 10 g of soil was weighed out into a fresh whirl-pack filter bag, 90 mL of sterile phosphate-buffered saline (ThermoFisher Scientific) was added, and bags were manually mixed. Escherichia coli, total coliforms, and Enterococcus were enumerated using Quantitray (IDEXX Laboratories). Escherichia coli and total coliform trays were incubated at 37°C for 24 to 28 h, and Enterococcus trays were incubated at 42°C for 24 h.
Phenotypic enumeration of selected ARs was performed on the 100 bulk soil samples, and isolates were picked from these plates for further characterization. For soil bacterial colony counts, soil samples (n = 100; five sites from each of 20 prairies) were plated onto R2A (Becton Dickinson), R2A with tetracycline (TR2A) (16 mg mL −1 ), and R2A with cefotaxime (CR2A) (4 mg mL −1 ) using an Eddy Jet spiral plater (Neutec Group). Tetracycline was chosen because it is commonly assayed in environmental samples. Cefotaxime was chosen as a representative of third-generation cephalosporins, which are used to treat hospital-acquired infections and invasive Salmonella infections in children (Fey et al., 2000) . Where necessary to obtain statistically appropriate colony counts on the plates, samples were serially diluted before being spiral plated. Plates were incubated at 37°C for 18 to 24 h and enumerated using a standard spiral plate procedure (Gilchrist et al., 1973) . Three isolates were picked for each sample from the plain R2A plates (n = 300 isolates), struck for isolation, grown overnight, and frozen at −80°C for later characterization. Disk diffusion assays were performed on isolates according to standard Clinical Laboratory Standards Institute (CLSI) methods using Mueller-Hinton broth (Becton-Dickinson) on 150-mm × 15-mm plates (CLSI, 2012) . The CLSI clinical breakpoints were used to assign isolates sensitive or resistant status, and isolates displaying intermediate levels of resistance were counted as sensitive. Twelve drugs were used in the disk diffusion assays: amoxicillin/clavulanic acid 20 mg, ampicillin 10 mg, cefoxitin 30 mg, ceftriaxone 30 mg, chloramphenicol 30 mg, ciprofloxacin 5 mg, gentamycin 10 mg, kanamycin 30 mg, nalidixic acid 30 mg, streptomycin 10 mg, sulfamethoxazone trimethoprim 25 mg, and tetracycline 30 mg.
Polymerase Chain Reaction
Polymerase chain reaction (PCR) detection of selected AR genes was performed on the 100 bulk soil samples. DNA isolations were performed on each of the bulk soil samples (n = 100) using the MoBio PowerSoil kit according to the manufacturer's directions, except that a Mini Beadbeater-8 (Biospec Products) was used for the cell lysis step. Qualitative tetracycline resistance gene assays were performed as previously described with the exception that Jumpstart RedTaq Master Mix (Sigma) was used. Four multiplex reactions were run, evaluating 14 tetracycline resistance genes. Positive control strains were created by cloning the target PCR fragment into TOP10 E. coli cells using a TOPO TA Cloning Kit for Subcloning, with One Shot TOP10 chemically competent E. coli cells (Life Technologies), and are available on request. Two sulfonamide resistance genes, sul(I) and sul(II), were assayed using primers described by Pei et al. (2006) . Two ermB PCRs were performed as previously described Chen et al., 2007) . Polymerase chain reactions for b-lactamases were performed. CTX-M was chosen to represent extended-spectrum b-lactamases , and CMY-2 was chosen to represent class C b-lactamases . Samples that were positive in the qualitative PCR for tet(A) and sul(I) genes were quantified using QuantiTect SYBR Master Mix (Qiagen) or 5Prime RealMasterMix SYBR ROX (5Prime) with the same primers used for quantitative PCR. All quantitative PCR assays were performed in triplicate. Reported values were determined by comparison with a standard curve for each of the assayed genes and normalized based on grams dry weight of the original soil sample. Primer sequences, PCR recipes, and thermocycling conditions are listed in Supplemental Tables S1 and S2 .
Data Analysis
Microbial abundance data (coliforms, enterococci, R2A counts, R2A + tetracycline, and R2A + cefotaxime) were log transformed before statistical analysis. The GLM procedure of SAS (SAS Institute, 2008) was used to determine differences between prairies for the various microbial abundances. For each microbial abundance, differences between specific prairies were determined using Tukey's Studentized range test. Significant correlations (P < 0.05) between microbial abundances and various soil and physical parameters were identified using Pearson correlation coefficients. Principal components analysis using the PRINCOMP procedure of SAS was used to determine if the prairies clustered into discrete groups based on the presence of 17 AR genes in soil DNA extracts.
Results
Resistance in Native Nebraska Prairie Soils
Phenotypically, all 100 native Nebraska prairie soil samples collected in this study contained bacteria that were resistant to tetracycline and cefotaxime (defined as bacterial colonies growing on an agar plate containing 16 mg mL -1 tetracycline or 4 mg mL -1 cefotaxime). Genotypically, carriage of tetracycline genes in bulk soil DNA extracts was common. Specifically, 98% of soil samples had at least 1 of the 14 tetracycline genes assayed, and tetracycline resistance genes were found in all 20 prairies. Carriage of sulfonamide resistance genes was common, with 91% of the soil samples positive for either sul(I) (91%) or sul(I) and sul(II) (21%). None of the bulk soils was positive for sul(II) only. On the prairie level, the sul(I) gene was found in all 20 prairies, and the sul(II) gene was found in 13. Principal components analysis indicated that the incidence of the 17 specific genes in soil samples yielded no discrete clusters within prairies (Supplemental Fig. S2 ). Prairie #15 (LAA) was identified as a possible outlier influenced by a positive tet(X) detection and high incidence of tet(B) and tet(S). The erm(B) gene was not detected in any of the soil samples, with either of the two erm(B) PCR protocols used (only PCR controls were positive). The CTX-M and CMY-2 genes were also not observed in any of the samples. No correlations were found between phenotypic or genotypic AR and soil physical or chemical parameters. Results for soil physical and chemical measurements are presented in Supplemental Table S3 . Of note, the term "native" refers to the composition and genetics of the plant species in the prairie and does not indicate whether or not the land was historically cultivated. Although many of the prairie remnants we studied are unplowed (i.e., "virgin" prairie), some may have been cultivated since settlement in the mid-1800s.
Tetracycline Resistance Genes
The average number of tetracycline gene types per bulk soil sample (n = 100 soil samples total) was 3 (SD, 1.4), with a range of 0 to 7 positive, out of 14 total tetracycline genes examined. The most frequently detected tetracycline genes in Nebraska prairie soil samples were tet(D) (n = 54 of 100 bulk soil extracts) and tet(A) (n = 52), with 25 soils positive for both genes (Fig. 1) . Other tetracycline resistance genes that were positive in >25% of the soils were tet(O) (38%), tet(L) (36%), and tet(B) (26%).
Of the 100 soil samples tested, two were negative for all tetracycline genes tested, and 11 were positive for only 1 of the 14 genes assayed. One soil sample was positive for seven tetracycline resistance genes, and four were positive for six tetracycline resistance genes. Examining the data on the level of prairie (combining results from all five soil samples at each prairie), 18 and 19 prairies were positive for tet(A) and tet(D), respectively, and 17 of the 20 prairies were positive for both tet(A) and tet(D) genes. The least frequently detected tetracycline genes were tet(Q) (n = 0) and tet(X) (two soil samples from two different prairies). Statistically significant differences were observed between prairies when measuring the number of tetracycline resistance genes present (P = 0.01). Of the 20 prairies, all were positive in the quantitative PCR assay for at least two different tetracycline resistance genes.
Quantitative Polymerase Chain Reaction Assays
Two genes, tet(A) and sul(I), were chosen for quantification using quantitative PCR. Bulk soil samples that were positive for these genes in the standard PCR assays were quantified. Results are reported in Table 2 . The number of copies in positive samples for each of the assayed genes varied both within and between prairie sites [range, 6.98 × 10 3 -2.84 × 10 5 copies g −1 dry soil and 9.63 × 10 2 -3.56 × 10 3 copies g −1 dry soil for tet(A) and sul(I), respectively]. No correlations were observed between gene copy number and isolate phenotypic properties or between gene copy number and soil physical and chemical properties.
Phenotypic Quantification
Standard soil heterotrophic plate counts were performed on all samples and ranged from 3.5 × 10 4 to 1.8 × 10 7 CFU per gram dry weight of soil, with the majority of samples (n = 76) containing counts in the 10 5 range. Counts of soil bacteria on plates containing antibiotics ranged from 10 2 to 10 6 and from 10 3 to 10 6 for CR2A and TR2A, respectively. Soil heterotroph and cefotaxime-resistant heterotroph data were both negatively correlated with tetracycline resistance phenotype (Table 3) . The percentage of isolates that were resistant to cefotaxime and tetracycline varied considerably within each prairie, with the tightest within-prairie counts being separated by 18% points. Despite this within-prairie variability, statistically significant differences were observed between prairies for plate count data (Table 4) . For fecal indicators, 99 of the 100 samples were <1 CFU g −1 dry weight of soil for E. coli. As a reference, soil to which cattle feedlot runoff had been applied commonly had 10 3 CFU g −1 dry weight E. coli (unpublished data). No statistically significant differences were observed between prairies for total coliform counts. However, differences were observed for Enterococcus counts.
Disk Diffusion Assays
For each of the 100 bulk soil samples, three isolates were picked off of nonselective plates and subjected to disk diffusion assays. Of these 300 isolates, five were lost during the freezing process, resulting in disk diffusion data for 295 isolates. Resistance, as defined using the CLSI standard methods and clinical breakpoints, was found to all 12 of the drugs tested (Table 5) . On an isolate level, the drugs to which the fewest number of isolates displayed resistance were ciprofloxacin and kanamycin, each with 2% of the tested isolates displaying resistance. The drugs to which the largest number of isolates displayed resistance were ceftriaxone (43%) and ampicillin (33%). Of the tested isolates, only 7% displayed resistance to tetracycline using the standard CLSI definitions. All of the tested isolates were picked off of the nonselective R2A plates.
Had isolates been selected off of the R2A with tetracycline, it is possible that a higher proportion would have displayed clinical resistance. There were 72 isolates (24%) that were resistant to a single antibiotic tested and 141 (48%) that were resistant to two or more antibiotics tested. Examining the data on the prairie level, all 20 prairies had at least one isolate resistant to ceftriaxone and at least one isolate resistant to ampicillin. Nineteen of the 20 prairies had at least one isolate resistant to each cefoxitin and nalidixic acid. No statistically significant differences were observed between prairies for the number of phenotypic resistances displayed.
Discussion
Ungrazed native Nebraska prairie soils contain measurable amounts of antibiotic-resistant bacteria and AR genes. These results are consistent with other studies of AR in soils (Walsh and Duffy, 2013; Guardabassi and Agersø, 2006; Schmitt et al., 2006; Demanèche et al., 2008; Davelos et al., 2004) and are to be expected because antibiotic-resistant bacteria and their genes are a normal and natural part of soils (Cytryn, 2013; D'Costa et al., 2011; Finley et al., 2013) . Of note is the high prevalence of sulfonamide resistance genes in the present study (91%). The sul(I) gene concentrations measured were fairly consistent across prairies, in the range of 10 3 copies per gram dry soil. Watershed studies have found the concentration of sulfonamide resistance genes to be correlated with human or animal antibiotic use, and the sul genes have been proposed as markers of anthropogenic AR gene pollution . Data from this current prairie study suggest that sulfonamide resistance gene distributions may be different for land-based and water-based systems. However, because different methodologies were used, it is difficult to compare results directly. Furthermore, the microbial community structure of the soil differs considerably from the microbial community structure of fresh water streams and riverbeds. Because the Genes are correlated, to some degree with taxonomy (Durso et al., 2012) , it is not surprising that a sample with a very different microbial community structure also has a different distribution of AR genes. The ungrazed native prairie sites examined in this study provided valuable information on background levels and types of AR that can be expected in southeastern Nebraskan soils in the absence of inputs from food animal agriculture.
The working hypothesis for this study was that geographically clustered ungrazed native Nebraska prairie soils would display similar levels and types of AR. More specifically, "similar" was defined for this study as (i) the trends for which individual soil samples have "more" resistance would be the same regardless of which phenotypic or genotypic measure of resistance was used and (ii) the absolute measurements of each AR parameter would be clustered around a central value, particularly within each prairie site. Although the results of this study provide some limited examples of similarity within and/ or between prairie sites, as a whole the data collected for 14 phenotypic and 19 genotypic measures of resistance assayed here do not support this hypothesis. Instead, the measurements reveal heterogeneity in baseline measures of AR between prairies and even among samples collected from the same prairies. Additionally, if "more resistance" is interpreted to mean a higher percentage of samples displaying the measured trait, then whether or not one prairie had more resistance than another depended on which phenotypic or genotypic assay was performed. For example, only half of the prairie sites (n = 10) were positive for tet(B), compared with 19 of 20 positive prairie sites for tet (D) . If resistance was defined as presence or absence of the tet(B) gene, different conclusions would have been drawn about the prairie sites than if resistance was determined using only tet (D) . Similarly, 100% of the soil samples from this study displayed tetracycline resistance, defined as bacterial colonies growing on an agar plate containing 16 mg mL −1 of tetracycline, but only 7% of the bacterial isolates from these same soils displayed resistance to tetracycline using the CLSI disk diffusion assay. As with other heterogeneous soil characteristics, phenotypic and genotypic AR measures can vary, even within ----------------------log CFU g -1 -------------------- a fairly restricted space and time. The data collected in this study provide information on the range of values that can be expected in unaffected Nebraska soils. The variety observed in the measured parameters supports pooling of samples and the use of multiple measurement parameters (Singer and Williams-Nguyen, 2014) when evaluating AR in manure-affected soils.
Measuring Antibiotic Resistance in Agriculture
Although a common goal is to reduce AR on farms and in feedlots , there is little available evidence to help decide what a realistic target would be for reduction. Knowing what kinds and amounts of resistance are in native prairie soils will help to determine the kinds and amounts of resistance that can be affected by agricultural best management practices (agBMPs) (Singer and Williams-Nguyen, 2014) in other southeastern Nebraska soils. With over 4570 cattle feeding operations in Nebraska, it is common to apply cattle manure to the soil. Ideally, data on background levels of AR will be gathered for each of the specific AR parameters being assayed in manure-affected soils. Knowing that over 70% of the 300 isolates collected here from minimally affected soils display resistance (as defined by CLSI disk diffusion assay), with almost half (48%) being multidrug resistant (31% if "multidrug resistant" is defined as resistance to three or more drugs) can help to put into perspective the numbers coming out of studies in agricultural production systems. When setting targets for reduction, it is unlikely that agBMPs can reduce resistance below the background levels.
If it is not possible or practical to collect background data from minimally affected sites such as ungrazed prairies or forest soils (Storteboom et al., 2010; Popowska et al., 2012; Shange et al., 2012) , the next best option would be to collect baseline data (i.e., from the soils before manure application) McLain and Williams, 2014; Marti et al., 2014) so that it is possible to separate out the types of resistance that are most relevant to agricultural production and human health (Durso and Cook, 2014; Wittum, 2012; Phillips et al., 2004) . One question that arises from this study is: When examining AR in agricultural soils, does naturally occurring resistance present the same risks to human health as resistance that has been enriched by the administration of drugs to food animals ? In one study, prairie soils were found to have more b-lactamase genes than cultivated fields (Demanèche et al., 2008) . Data from the current study reveal widespread phenotypic and genotypic resistance. On a practical level, when developing strategies to minimize the transfer of AR from agroecosystems, we argue that it does not matter whether the resistance was naturally occurring, as in this study, or enriched due to human use.
A common assumption regarding the use of antibiotics in agriculture is that reduced administration of antibiotics to food animals will result in a decrease of AR in the animal feces, leading to a decreased risk to human health (Singer et al., 2003; Marshall and Levy, 2011) . However, recent data reveal that feces, even from antibiotic-free animals, can carry multiple types of resistance and enrich for AR in the soil (Udikovic-Kolic et al., 2014; Zhou et al., 2009; Kyselková et al., 2013; Schmitt et al., 2006) . Thus, studies in unaffected sites that are not receiving manure inputs provide a unique insight into the background types and distributions of AR in local agricultural soils.
Ecology of Resistance in Nebraskan Soils
When discussing AR in the environment, it is common to equate resistance not only with antibiotic-resistant bacteria but also with the presence or absence of particular AR genes (Zhang et al., 2013; Martínez et al., 2015; Storteboom et al., 2010; Durso et al., 2011) . We looked for correlations between phenotypic and genotypic measures of resistance and common soil physical and chemical parameters but did not identify any relationships between abiotic drivers of microbial communities and the selected measures of antibiotic-resistant bacteria or AR genes. Metagenomic studies of bacterial diversity and function in preagricultural prairie soils also found no links between soil variables and bacterial taxonomy (Fierer et al., 2013) .
One shortcoming of environmental studies of AR, including this study, is that "resistance" is commonly defined using clinical terms, which may or may not accurately reflect the relationships and dynamics of environmental isolates or soil communities (Walsh and Duffy, 2013) . For example, in this study the CLSI standard methods for disk diffusion assays were used, including using the CLSI interpretive criteria for assigning "resistant, " "intermediate, " or "sensitive" status for each data point. In clinical settings, these categories are linked to the ecology of infectious disease, with "resistance" being strongly correlated with clinical treatment failure ( Jorgenses and Ferraro, 2009 ). The use of a term with environmental isolates or communities implies a threat equivalent to resistance in clinical settings. However, resistance is not generally defined for environmental isolates (Berendonk et al., 2015) .
Conclusions
Data from ungrazed Nebraska prairie soils indicate an inherent heterogeneity in natural soils for both phenotypic and genotypic measurements of AR. Resistant bacteria and resistance genes are common, even in native prairie soils with no inputs from domesticated food animals. To sort out the contributions of food-animal antibiotic use on resistance at farms and in the environment, it is therefore essential that background and/or baseline levels of AR be considered and acknowledged when evaluating AR in agroecosystems. Data from agriculturally affected sites must be evaluated in the larger context of naturally occurring levels of resistance for individual production systems and soil types.
Reducing AR in agroecosystems, especially food animal production systems, is an important issue. Data from this study, demonstrating AR occurring naturally in the soil and advocating that assessments of resistance on farms and in manure-affected environments include the collection of background and/or baseline data, do not minimize the importance of identifying, evaluating, and adopting agBMPs that reduce AR in agricultural production systems. Instead, these applied data can be used to more accurately assess the impacts of individual agBMPs on specific measures of AR, allowing us to focus limited resources where they will have the most impact. Table S1 . Primers used in study. 
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